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Calibration method for a photoelastic modulator with
a peak retardation of less than a half-wavelength
Aijun Zeng, Lihua Huang, Zuoren Dong, Jianming Hu, Huijie Huang, and Xiangzhao Wang
A new calibration method for a photoelastic modulator is proposed. The calibration includes a coarse
calibration and a fine calibration. In the coarse calibration, the peak retardation of the photoelastic
modulator is set near 1.841 rad. In the fine calibration, the value of the zeroth Bessel function is obtained.
The zeroth Bessel function is approximated as a linear equation to directly calculate the peak retardation.
In experiments, the usefulness of the calibration method is verified and the calibration error is less than
0.014 rad. The calibration is immune to the intensity fluctuation of the light source and independent of
the circuit parameters. Themethod specially suits the calibration of a photoelastic modulator with a peak
retardation of less than a half-wavelength. © 2007 Optical Society of America
OCIS codes: 260.5430, 230.4110.
1. Introduction
A photoelastic modulator (PEM) is a device for mod-
ulating the polarization state of light based on the
photoelastic effect. The PEM is applied to many mea-
surements of the polarization effect, the polarization
transfer function, the phase map, the quantum me-
chanical state, the film thickness, the material char-
acteristics, and so on.1–6 The wide usage is due to the
PEM’s many superior characteristics, such as a large
acceptance angle, a relatively large aperture, a large
optical bandwidth, a high modulating frequency, and
low power consumption.7,8
To ensure optimum performance, the user is re-
quired to accurately calibrate thePEM, i.e., tomeasure
its peak retardation. A typical calibration method is
the oscilloscope waveform method in which a flattop
waveform is observed on the oscilloscope with half-
wave peak retardation.9,10 Inmany cases, the PEMcan
be calibrated by Bessel function zeromethods.9 For the
zeroth Bessel function zero method, the direct-current
term is kept invariable to set the peak retardation at
2.405 rad. For the first and second Bessel function zero
methods, the fundamental and secondary harmonic
components are nulled to set the peak retardation at
3.872 and 5.136 rad, respectively. For special applica-
tions, in situ calibration of the PEM can be realized
by a single photon-counting method and a multiple-
harmonic intensity ratio method.4,11 The oscilloscope
waveformmethod and the first and secondBessel func-
tion zero methods can accurately calibrate the PEM
but are not fit for a PEMwith a peak retardation of less
than a half-wavelength. The zeroth Bessel function
zero method is sensitive to the intensity fluctuation of
the light source and relies on subjective judgement;
thus the method is not used in precise calibration of
the PEM. The single photon-counting method and the
multiple-harmonic intensity ratio method can cali-
brate the PEM under any peak retardation, but these
two methods suit only PEMs in the atomic collision
setupwith aweak signal and ellipsometry using a data
acquisition system, respectively.
To accurately calibrate a PEM with a peak retar-
dation of less than a half-wavelength, a new calibra-
tion method is proposed in this paper. First, a coarse
calibration is used to set the peak retardation near
1.841 rad. Then a fine calibration is carried out to
finely measure the peak retardation of the PEM.
2. Principle
The optical arrangement for the coarse calibration
of the PEM is illustrated in Fig. 1. The PEM to be
calibrated and a wave plate are placed between a
polarizer and an analyzer. The transmission axes of
the polarizer and the analyzer are perpendicular to
each other. The PEM is oriented with its modulator
axis at 45° with respect to the transmission axes of
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the polarizer and the analyzer. The fast axis of the
wave plate is parallel to the modulator axis of the
PEM. The light source is a laser. The collimated laser
beam is linearly polarized by the polarizer. The light
propagates through the PEM, the wave plate, and the
analyzer to form polarization interference. The inter-
ference intensity is detected by a detector.
The phase retardation t versus time t of the
PEM at operating frequency  is given by
t0 sint, (1)
where 0 is the peak retardation of the PEM.8,9 In the
optical arrangement shown in Fig. 1, the interference
intensity at the detector is given by
IC I01 cos0 sin t2, (2)
where I0 is the initial intensity subsequent to the
polarizer and  is the retardation of the wave plate.8
With Fourier series expansion, Eq. (2) can be rewrit-
ten as
I I01 cos J00 2 sin J10sin t
 2 cos J20cos 2t · · ···· 2, (3)
where J00, J10, and J20 are the zeroth, first,
and second Bessel functions, respectively. It is obvi-
ous that the interference intensity has a complicated
harmonic content related to the Bessel functions
whose values are dependent on the peak retardation.
The relations of the zeroth and first Bessel func-
tions versus the peak retardation are illustrated in
Fig. 2. In the graph, a peak exists at 1.841 rad in the
curve of the first Bessel function versus the peak
retardation. The first-harmonic term of the interfer-
ence intensity is given by
I1f I0 sin J10. (4)
The first-harmonic term reaches the maximum when
the peak retardation is 1.841 rad. Thus the PEM can
be calibrated by maximizing the first-harmonic term.
In the calibration procedure, the peak retardation is
changed until the maximum of the first-harmonic
term is obtained. Thereby the peak retardation can
be set near 1.841 rad.
However, the derivative of the first Bessel function
is zero at themaximum, that is to say, the value of the
first Bessel function is varied slowly enoughwhen the
peak retardation is changed around 1.841 rad. Thus
the first-harmonic term in the neighborhood of the
maximum is not sensitive enough to the variation of
the peak retardation. For example, when the peak
retardation is changed from 1.674 to 2.010 rad, the
Fig. 2. Plots of Bessel functions versus the peak retardation.
Fig. 3. Optical arrangements for the fine calibration of the PEM
(a) before and (b) after the analyzer is rotated.
Fig. 1. Optical arrangement for the coarse calibration of the
PEM.
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value of the first Bessel function is varied between
0.5761 and 0.5819. Thus it can be seen that a 9.1%
change of the peak retardation around 1.841 rad
results in only a 1% change of the first-harmonic
term. Consequently a little measurement error of
the first-harmonic term of the intensity, induced by
the intensity fluctuation of the light source and the
like, will bring a large calibration error. Thus the
PEM is coarsely calibrated by maximizing the first-
harmonic term.
The first Bessel function is the derivative of the
zeroth Bessel function, namely,
J00J10. (5)
When the first Bessel function reaches themaximum,
the zeroth Bessel function varies most rapidly. It is
obvious that the zeroth Bessel function is most sen-
sitive to the variation of the peak retardation near
1.841 rad. Thus the peak retardation can be finely
measured using the value of the zeroth Bessel func-
tion. The value of the zeroth Bessel function is
obtained from the optical arrangement for the fine
calibration. The optical arrangement is shown in
Fig. 3. The optical arrangement shown in Fig. 3(a) is
formed by taking away the wave plate from the op-
tical arrangement shown in Fig. 1. When the ana-
lyzer shown in Fig. 3(a) is rotated by 90° to have
the same orientation as the polarizer, the optical ar-
rangement shown in Fig. 3(b) is formed.
With the coarse calibration, the actual value of the
peak retardation is denoted as 0 max. The interfer-
ence intensities in Figs. 3(a) and 3(b) are given by
IF1 I01J00 max 2J20 maxcos 2t · · · 2,
(6)
IF2 I01J00 max 2J20 maxcos 2t · · · 2,
(7)
respectively.12 The direct-current term and the
second-harmonic term (absolute value) of the inter-
ference intensity in Fig. 3(a) are expressed as
Idc1 I01J00 max2, (8)
I2f1 I0J20 max. (9)
The direct-current term and the second-harmonic
term of the interference intensity in Fig. 3(b) are ex-
pressed as
Idc2 I01J00 max2, (10)
I2f2 I0J20 max. (11)
After the analyzer is rotated, the initial intensity is
possibly changed due to the intensity fluctuation of
the light source. The values of the second Bessel func-
tions in Eqs. (9) and (11) are equal. To eliminate the
influence of the intensity fluctuation of the light
source, the direct-current term can be normalized by
the second-harmonic term. The normalized direct-
current terms are written as
R1
Idc1
I2f1

1J00 max
2J20 max
, (12)
R2
Idc2
I2f2

1J00 max
2J20 max
. (13)
The two normalized direct-current terms are indepen-
dent of the initial intensities. With the two normalized
direct-current terms, J00 max can be obtained using
the sum–difference method given by
J00 max
R2R1
R2R1
. (14)
To resolve the peak retardation from the value of
the zeroth Bessel function, a general method using
interpolation with a table of Bessel functions can be
used. With a program such as MATLAB or Mathcad,
the value of the zeroth Bessel function can be calcu-
lated for a given peak retardation. When the peak
retardation is varied with a small step, a series of
values of the zeroth Bessel function are obtained to
form a table of the zeroth Bessel function. With this
table, the peak retardation can be accurately deter-
mined using interpolation.
From Fig. 2, it can be seen that the value of the
zeroth Bessel function varies approximately linearly
Fig. 4. Peak retardation error caused by linear approximation of
the zeroth Bessel function around 1.841 rad.
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with the peak retardation near 1.841 rad. That is to
say, the curve of the zeroth Bessel function versus the
peak retardation can be considered as a line when the
0 is near 1.841 rad. Thus the peak retardation can be
easily and directly resolved from a linear function that
is obtained by fitting the curve of the zeroth Bessel
function as a line with the least-squares method. For
example, when the peak retardation is in the range of
1.565 to 2.117 rad, where the peak retardation varies
by 15% and the value of the first Bessel function is
changed by 2.7%, the zeroth Bessel function can be
expressed approximately as
J000.57870 1.3816. (15)
With the approximate equation, the peak retardation
can be easily calculated with
0 max 1.3816J00 max0.5787. (16)
When the peak retardation is in the range of
1.565–2.117 rad, the peak retardation error gener-
ated by the calculation with Eq. (16) is expressed as
error 1.3816J000.57870. (17)
With aMATLAB program, the peak retardation error
error is calculated and given in Fig. 4. In Fig. 4, the
largest error is less than 0.001 rad in the retardation
range between 1.6 and 2.1 rad. It is seen that the
peak retardation error generated by the calculation
with Eq. (16) is very small and its influence on the
calibration can be ignored. Thus the peak retardation
can be calculated from the value of the zeroth Bessel
function with high precision using Eq. (16).
With the optical arrangement for the coarse cali-
bration, the peak retardation is set near 1.841 rad
by maximizing the first-harmonic term. The PEM is
calibrated at a peak retardation of less than a half-
wavelength. With the optical arrangement for the
fine calibration, the direct-current terms normalized
by the second-harmonic terms are obtained to resolve
the value of the zerothBessel function using the sum–
difference method given by Eq. (14). Then the peak
retardation is directly calculated using the approxi-
mate Eq. (16). In the fine calibration, the normaliza-
tion of the direct-current terms can eliminate the
influence of the intensity fluctuation that exists in the
coarse calibration. When the value of the zeroth
Bessel function is obtained using the sum–difference
method, the influence of the circuit parameters re-
lative to the direct-current terms and the second-
harmonic terms in the signal process can be removed.
Thus the fine calibration is independent of the pa-
rameter of the signal processing circuit. From the
value of the zeroth Bessel function, the peak retar-
dation is resolved by approximating the zeroth Bessel
function as the linear equation. Accordingly, it is
made direct and easy to calculate the peak retarda-
tion with high precision.
3. Experiment
In our experiment, the light source was a laser diode
with an aspheric collimating lens. The laser wave-
length was 785 nm. The spectral width (FWHM) of
the laser was 1 nm. The polarizer and the analyzer
were Glan–Taylor prisms with an extinction ratio
greater than 100000:1. The PEM was a Hinds model
IFS50 PEM with a 50 kHz modulation frequency.
The static retardation of the PEM was about 0.5 nm.
The maximum error of the zeroth Bessel function in
Eq. (14) induced by the static retardation was about
0.0008% with the analytical method in Ref. 8. The
error can be neglected. The optical element of the
PEM was 0.25 in. thick (1 in.  2.54 cm). The thick-
ness was much greater than the coherent length of
the laser. The modulated interference effect may
be neglected. Thus the experiment on the PEM was
valid. The peak retardation of the PEM was con-
trolled by a PEM-90 controller. Before the experi-
ment, the PEM had been calibrated by the first
Bessel function zero method. The peak retardation of
the PEM was used as the reference in the experi-
ment. The wave plate is an achromatic quarter-wave
plate over the spectral interval from 700 to 1100 nm.
The detector was a photodiode. In the electronic sys-
tem for signal processing, a Hinds SCU-90 signal
conditioning unit, a lock-in amplifier, and a data ac-
quisition device were used.
The polarizer, the PEM, the wave plate and the
analyzer were adjusted to form the optical arrange-
ment for the coarse calibration shown in Fig. 1 with
the light extinction method. The controller was ad-
justed to change the peak retardation of the PEM.
When the peak retardation 0 varied from 1.760 to
1.910 rad with a step of 0.015 rad, the first-harmonic
Table 1. Results of the Coarse Calibration
0 (rad) 1.750 1.765 1.780 1.795 1.810 1.825 1.840 1.855 1.870 1.885 1.900 1.915 1.930
I1f (V) 7.351 7.368 7.385 7.389 7.394 7.381 7.386 7.384 7.383 7.380 7.373 7.365 7.356
Table 2. Results of the Fine Calibrations
0 (rad) 1.750 1.765 1.780 1.795 1.810 1.825 1.840 1.855 1.870 1.885 1.900 1.915 1.930
0 M (rad) 1.739 1.757 1.778 1.784 1.801 1.820 1.830 1.849 1.860 1.873 1.892 1.901 1.923
Calibration error (rad) 0.011 0.008 0.002 0.011 0.009 0.005 0.010 0.006 0.010 0.012 0.008 0.014 0.007
702 APPLIED OPTICS  Vol. 46, No. 5  10 February 2007
terms were obtained. A typical result of the coarse
calibration is presented in Table 1. These values fluc-
tuate only in the range of 7.370–7.393 V. It is obvious
that the first-harmonic term is not sensitive enough
to the variation of the peak retardation. The maxi-
mum of the first-harmonic term occurs when the peak
retardation is 1.810 rad. Thereby the precision of the
coarse calibration is not high.
Then the wave plate was removed to form the op-
tical arrangement for the fine calibration shown in
Fig. 3. Before and after the analyzer was rotated, the
peak retardation 0 varied from 1.76 to 1.910 rad
with a step of 0.015 rad. The direct-current terms
and the second-harmonic terms at each measuring
point were obtained to resolve the peak retardation
using Eq. (16). At all measuring points, the results of
the fine calibrations are given in Table 2. 0 M is the
measured value of the peak retardation. The calibra-
tion error is the difference between the measured
value 0 M and the actual value 0. From Table 2, it
can be seen that the calibration error is less than
0.014 rad. Thus the usefulness of the calibration
method is verified by the experiment.
4. Conclusion
A new calibration method for a PEM has been pro-
posed in this paper. The calibration is immune to the
intensity fluctuation of the light source and is inde-
pendent of the parameters of the signal processing
circuit. The method specially suits the calibration of
the PEM whose peak retardation is less than a half-
wavelength. In the experiments, the usefulness of the
calibration method is verified and the calibration
error is less than 0.014 rad.
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